We present a multi-wavelength observation of a solar flare occurring on 2006 December 13 with Hinode, RHESSI, and the Nobeyama Radio Observatory, to study the electron acceleration site and mechanism. The Solar Optical Telescope (SOT) on board Hinode observed elongated flare ribbons, and RHESSI observed double-footpoint hard X-ray (HXR) sources appearing in part of the ribbons. -2 -located between the top and footpoints of the loop. We consider these observations as an evidence of the electron acceleration near the magnetic separatrix and injection parallel to the field line.
Introduction
It is widely recognized that a large amount of particles are accelerated to nonthermal levels in association with a solar flare. Electrons are accelerated to several tens of keV to MeV, and ions to several tens of MeV to GeV. A mechanism for accelerating particles is, however, not understood well. Nonthermal electrons are observed mainly through hard X-rays (HXRs), microwaves, and occasionally continuum γ-rays, whereas ions are observed through line γ-rays and ground level neutrons. These observations provide the most important information about the particle acceleration. It is also important for better understanding to obtain detailed information about global electromagnetic fields in which particles are accelerated.
Multi-wavelength observations have revealed that the evolution of the global magnetic fields in the flaring region significantly influences the dynamics of electrons. In many flares a plasma ejection, known as a plasmoid and coronal mass ejection (CME), is observed, as a consequence of magnetic reconnection (e.g., Shibata et al. 1995) . The speed of the ejected plasma is not necessarily constant, which would reflect the non-stationarity of the magnetic reconnection process (e.g., Magara et al. 1997) . Ohyama & Shibata (1998) measured an acceleration rate of the plasmoid in the 1992 October 5 flare, and found that the acceleration phase coincides with the HXR impulsive phase. Temmer et al. (2008) confirmed these results using CME observations. These indicate that the particle acceleration is related to the evolution of magnetic reconnection.
Flares frequently show motions of the footpoint and ribbons seen in HXR and Hα, which is thought to be a chromospheric response of the progress of magnetic reconnection (e.g., Krucker et al. 2003 Krucker et al. , 2005 . The convection electric field, estimated from their apparent motions and a photospheric magnetic field strength, is utilized for a measure of the power of magnetic reconnection (e.g., Lin et al. 1995; Isobe et al. 2002a) . By comparing the amplitude of the electric field with the corresponding HXR emission, it is found that stronger HXRs with harder energy spectrum are emitted at the site with stronger electric fields (Qiu et al. 2002; Asai et al. 2004; Temmer et al. 2007; Jing et al. 2007 ). This suggests a physical relationship between the particle acceleration and the electric field generated by magnetic reconnection.
The Hinode satellite (Kosugi et al. 2007 ), launched in 2006 September, boards three different types of scientific instruments with wavelengths ranging from optical to soft Xray (SXR) bands, to study the dynamics of plasma and magnetic fields at the photosphere, chromosphere, and corona. On 2006 December 13, the first GOES X-class flare was observed by Hinode. The Solar Optical Telescope (SOT; Tsuneta et al. 2008) successfully obtained the photospheric vector magnetograms before and after the flare (Kubo et al. 2007; Zhang et al. 2008) , allowing us to study the evolution of the magnetic fields during the course of the flare. These data are utilized for the Non-Linear Force-Free (NLFF) extrapolation of coronal magnetic fields (Schrijver et al. 2008; Jing et al. 2008b; Guo et al. 2008; Inoue et al. 2008) . Dynamic motion of flare ribbons is seen in the high cadence Ca II H 3968Å and G band 4305Å images (Isobe et al. 2007; Jing et al. 2008a ). The X-ray Telescope (XRT; Golub et al. 2007 ) observed the evolution of sheared coronal magnetic fields (Su et al. 2007 ). The EUV Imaging Spectrometer (EIS; Culhane et al. 2007 ) measured plasma flows (Imada et al. 2007; Asai et al. 2008 ) and turbulent motions ).
In addition to these findings by Hinode, HXR and microwave emissions from nonthermal electrons are observed with the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI; Lin et al. 2002) , the Nobeyama Radio Polarimeters (NoRP; Nakajima et al. 1985 , and references their in) and the Nobeyama Radioheliograph (NoRH; Nakajima et al. 1994 ). This flare is of great interest also for the study of the particle acceleration because Hinode provides the unprecedentedly high quality data of the three-dimensional fields in which particles are produced, propagate, and finally dissipate. We expect to obtain new insights into the electron acceleration process by comparing RHESSI and NoRH images with Hinode observations. For technical reasons, both RHESSI and NoRH have problems in imaging in this flare. Since we have succeeded in solving the problems, it is possible to discuss the acceleration site and mechanism of electrons from the RHESSI, NoRH, and Hinode images.
In this paper we present the spatial distribution of the nonthermal emissions and the magnetic fields in the 2006 December 13 flare by using RHESSI, NoRH, and Hinode, to determine the electron acceleration site and mechanism. Observation data sets and results are presented in § 2 and § 3, respectively. Based on the results, we discuss the acceleration site and mechanism in § 4.
Data Sets
The intense flare commenced at 02:20 UT, 2006 December 13, in NOAA active region 10930 (S06
• , W22
• ). The GOES SXR level is X3.4 (for the light curve, see Ning 2008) . Nonthermal HXRs and microwaves were observed for more than one hour. NoRP successfully detected quite intense microwave emissions from 1 to 80 GHz during the entire course of the flare. The NoRP microwave light curves in 9.4, 17, and 35 GHz during 02:20-03:20 UT are shown in the top panel of Figure 1 . The light curves consist of many spikes: the intense ones at 02:25 and 02:29 UT (impulsive phase), and the subsequent ones. The bottom panel shows the HXR light curves taken at RHESSI in 25-40, 40-60, and 60-100 keV energy bands. The spikes of the HXR light curves correspond to the microwaves well. Unfortunately RHESSI could not observe the first intense spike and the first half of the second intense spike seen in the microwave because of the satellite night.
RHESSI image reconstruction (Hurford et al. 2002) only works for areas far enough away from the projected location of RHESSI's spin axis on the solar disk. The separation needs to be at least a few times larger than the spatial resolution of the subcollimators used for the imaging. For the flare discussed here, this is unfortunately not the case for most of the flare duration. However, we searched for the best possible time intervals (02:29-02:33 UT), and by using only fine subcollimators (numbers 3-5), we were able to reconstruct images with the usual quality 1 . A spatial resolution of RHESSI images is ∼ 10 ′′ .
NoRH, a two-dimensional radio interferometer, obtains the correlation data, which are synthesized to make full Sun intensity images. In a usual image synthesis, the procedure calibrates the position and intensity of the sources by using the quiet Sun (brightness temperature 10 4 K) as a calibrator. This calibration method fails if quite intense ( > ∼ 10 7 K) sources appear. Unfortunately the NoRH data during 02:24-02:34 UT fail to be calibrated by the usual method. Thus, we apply another calibration method to determine the source position as follows; Two images are produced separately from the same correlation data. One is synthesized by using the calibration data obtained at the other time when the flare already rose intensively but the usual procedure still ran well. We consider that phases of the NoRH signals were stable during the flare activity so that the calibration data at the other time gives the absolute source position in the field of view of NoRH. The other is synthesized by using the calibration data obtained at each time without evaluating the absolute source position. The brightness distribution of the source in this image is more accurate than that in the former image. By combination of these two, the brightness distribution of the source with the absolute position is obtained. The calibration of the source intensity requires another procedure. Therefore we use the NoRH images for a morphological study only. A spatial resolution of NoRH images is ∼ 10 ′′ , and an accuracy of the absolute position in the field of view is better than the pixel size of the images (∼ 2.5 ′′ ).
We use the Ca II H and G band images taken by the Broadband Filter Imager (BFI) of SOT by 2 minutes cadence, and also use the photospheric vector magnetogram obtained from the Spectro-Polarimeter (SP) of SOT at 20:30 UT, 2006 December 12, that is studied in Kubo et al. (2007) . The 180
• azimuth ambiguity of horizontal magnetic fields is removed by the AZAM utility (Lites et al. 1995) . However, the 180
• azimuth ambiguity can not be completely removed, particularly for regions with a complicated magnetic field distribution. In this paper we discuss only a large-scale horizontal magnetic field structure comparable to the spatial resolutions of RHESSI and NoRH (∼ 10 ′′ ). We also use the SXR images taken by XRT with Be-thin filter with a cadence of 1 minute. Details on the XRT observation are presented in Su et al. (2007) .
Since the field of view of SOT is smaller than the solar disk and XRT observed the flare with the partial-frame mode, co-alignments between these images and those taken with other instruments are necessary for our study. Using images taken with the Solar and Heliospheric Observatory (SOHO) and Transition Region and Coronal Explorer (TRACE), we co-align them as follows. First, we cross-correlate the longitudinal magnetogram taken by the Narrowband Filter Imager (NFI) of SOT with the TRACE white light image, and the XRT image with the TRACE EUV image. TRACE image offsets of the different wavelength channels are determined (Handy et al. 1999 ), but the pointing data has an error as much as 10
′′ . Then we further cross-correlate the TRACE white light image with the continuum image taken with the Michelson Doppler Imager (MDI) on board SOHO. The pointing data of SOHO/MDI, RHESSI, and NoRH are thought to be determined well. Through these cross-correlations we compare the Hinode images with the RHESSI and NoRH. An accuracy of the co-alignments between these images is a few arcseconds, which is smaller than the spatial resolutions of RHESSI and NoRH (∼ 10 ′′ ).
Results
In Figure 2 we show the SOT/BFI images during the flare, and the RHESSI 35-100 keV HXR image during 02:28:58-02:29:10 UT. The Ca II H image shows the great flare ribbons elongated in east-west direction during the impulsive phase (left panel). They evolve toward north-south and separate from each other (middle panel). On the other hand, the HXR sources appear in part of the ribbons. As shown later (Figs. 3 and 5), they are magneticallyconjugate double-footpoint sources of a flare loop seen in SXRs and microwaves, originating from the electron precipitation. We confirm from the right panel of Figure 2 that they spatially coincide with the sites of the enhancement seen in the G band image. This supports the interpretation that nonthermal electrons are the most powerful candidate for the primal energy source of the G band enhancement (Isobe et al. 2007 ).
In Figure 3 , we show the vector magnetogram taken with SOT/SP (left, middle, and right panels for B x , B y , and B z ) and the RHESSI 35-100 keV image (same as in Figure 2 ). The magnetogram image is differentially rotated to the RHESSI observation time. As can be seen from the longitudinal magnetogram (right panel), the HXR sources are certainly magnetic conjugates.
From the vector magnetogram, we can not identify a correlation between the eastwest ribbon distribution (denoted as white dashed lines) and the horizontal magnetic fields (left and middle panels). On the other hand, the distribution of the HXR sources is closely related to the photospheric magnetic field distribution. The longitudinal magnetogram (right panel) shows that the HXR sources are located at the regions with the strongest magnetic field along the ribbons (e.g., Asai et al. 2002; Temmer et al. 2007 ). We further find from the horizontal vector magnetogram that they are located only at which the direction of the horizontal magnetic fields changes remarkably. To see this relation clearly, we measure the magnetic field components and the HXR intensities perpendicular to the southern and northern ribbons (denoted as black dashed lines in the middle panel), which are presented in the left and right panels of Figure 4 , respectively. The relation is evident particularly in the northern ribbon (right panel). In the southeastern side of the HXR source, the horizontal magnetic field is directed southwestward (B x ∼ 1000 G and B y ∼ −500 G). Around the HXR peak position the direction becomes almost northward (B x ∼ 0 and B y ∼ 1500 G), and at last the magnetic field in the northwestern side is directed northeastward (B x ∼ −2000 G and B y ∼ 1500 G). From the left panel, we confirm that the B y component changes the sign along the direction perpendicular to the southern ribbon: B y ∼ 500 G in the northeastern side and −1500 G in the southwestern side. In addition, we can see from the left panel of Figure 3 that the B x component changes the sign along the direction parallel to the ribbon. Both the B x and B y components change the sign through the HXR source positions. We consider that these large-scale variations of the horizontal magnetic fields are valid within the 180
• azimuth ambiguity.
In Figure 5 we present the time sequence of the SXR images taken with XRT and the NoRH 34 GHz images during the flare. The SXR images show two components. One is a highly sheared component lying in the east, which can be seen before (left panel) and during (middle panel) the impulsive phase. After the impulsive phase (right panel) this component is invisible, probably be relaxed through the flare. Another is a cusp-shaped loop connecting the HXR sources, located in the west (middle panel). This is thought to be formed by magnetic reconnection (Tsuneta et al. 1992) . As time goes by, the loop evolves southwestward and forms an arcade structure (right panel). The time evolution of the SXR loops is studied in detail by Su et al. (2007) .
The microwave source also shows a loop structure connecting the HXR sources (middle panel). We consider that the HXR-and microwave-emitting electrons are from the same population because their spatial distributions as well as light curves (Fig. 1) Figure 6 we overlay the degree of the 17 GHz circular polarization image on the 34 GHz image at 02:29:10 UT, which shows that the eastern/western part is right-/left-circularly polarized, respectively. From the spatial distribution of B z (right panel of Fig. 3 ), we consider that the eastern/western part has positive/negative magnetic polarity. The relationship between the microwave and magnetic polarities is in agreement with a sense of x-mode gyrosynchrotron radiation (Dulk 1985) . The polarization inverts around [365 ′′ , −110 ′′ ], between the bright parts. It is plausible to speculate the top of the microwave loop around there. The two brighter parts of the microwave intensity are located between the loop top and footpoints (called "legs"). As time goes by, the loop evolves southwestward, similar to the SXR loops.
Summary and Discussion
We present a multi-wavelength observation of the 2006 December 13 flare with RHESSI, NoRP, NoRH, and Hinode. Using the photospheric vector magnetogram from SOT/SP and the RHESSI HXR image (Fig. 3) , we find that the HXR sources are located at which the change of the direction of the horizontal magnetic fields is the most clearly seen. This implies that the sites of the HXR sources are the footpoints of magnetic separatrix. The implication is supported from the Non-Linear Force-Free (NLFF) coronal magnetic field configuration. Schrijver et al. (2008) present the NLFF model of the coronal magnetic fields of this flare. We see from their result that the direction of magnetic field lines changes clearly around the HXR source positions. Hence we interpret our observation result as a direct evidence of the propagation of the accelerated electrons along the magnetic field line near the separatrix. Canfield et al. (1993) , Leka et al. (1993) , and de La examined the spatial relationship between longitudinal electric currents and sites of the electron precipitation, by using photospheric vector magnetograms and Hα line profiles obtained from ground-based instruments. They found that the precipitation sites are located at the edges of longitudinal current channels, rather than at longitudinal current maxima. In Figure 7 we compare the HXR image (black contours) with the spatial distribution of the longitudi-nal electric current density, calculated from the horizontal magnetic fields (left and middle panels of Fig. 3 ) with Ampère's Law. We can see the strong current channel laying around [350", -90"] and the HXR sources at the edges of the channel. This is consistent with the previous finding.
The microwave source shows the loop structure connecting the HXR sources (middle panel of Fig. 5 ). There are the brighter parts of the microwave intensity at the two legs. The eastern part with positive magnetic polarity is right-circularly polarized and vice verse (Fig.  6) , meaning that the microwaves are gyrosynchrotron radiation by the accelerated electrons.
The location of the microwave loop seems to be slightly different from that of the SXR loop: the microwave loop is located in the southwestern side of the SXR loop, or, is located higher than the SXR loop if the projection effect is significant (middle panel of Fig. 5 ). This displacement might be explained in terms of the temporal difference of the formation of these loops. The microwave loop represents the distribution of nonthermal electrons that would be produced in newly-reconnected magnetic field lines. On the other hand, the SXR loop represents the distribution of a thermal plasma from the chromosphere via the chromospheric evaporation, which is caused by the dissipation of thermal and nonthermal energies produced by magnetic reconnection. Therefore the SXR loop corresponds to the magnetic field lines that is reconnected earlier. This interpretation can explain the displacement because the loops evolved southwestward (right panel). Even if the displacement is mainly due to the projection effect, it is also consistent with the magnetic reconnection model that a later loop is formed higher in the corona (Yokoyama & Shibata 2001) .
From the microwave distribution and the configuration of the magnetic field, we discuss the pitch-angle distribution of the electrons injected into the loop. Based on the magnetic reconnection model, we assume that the accelerated electrons with a mean pitch angle α = α 0 are injected into the loop top where the magnetic field strength is locally minimum, B = B 0 . The gyrosynchrotron radiation is generated primarily by electrons with pitch angles close to the viewing angle θ with respect to the magnetic field line at the radiation site (Petrosian 1981; Lu & Petrosian 1990) . Assuming the conservation of the magnetic moment, sin 2 α/B = constant, we obtain
where the variables with subscript "rad" are measured at the radiation site.
From the NLFF extrapolation of the coronal magnetic fields based on the photospheric vector magnetogram , we find that sin θ at the loop top is close to unity and decreases toward the footpoints. When the microwave peaks at the legs (B rad > B 0 and sin θ rad < 1), equation (1) gives sin α 0 < 1, meaning the electron injection parallel to the field line. A crude estimation of the magnetic field strength and the viewing angle at the leg, B 0 /B rad ∼ 0.5 and θ rad ∼ 45
• , gives α 0 ∼ 30 • . demonstrated a numerical simulation of the electron propagation and the resulting gyrosynchrotron radiation along a magnetic loop. The simulation confirms that the gyrosynchrotron intensity peaks at the leg, when the electrons with small pitch angles are injected into the loop located at the disk center. We interpret the spatial distribution of the microwave presented in the middle panel of Figure 5 as a result of the electron injection parallel rather than perpendicular to the magnetic field line.
The electron pitch-angle distribution can be discussed also from the temporal evolution of the spectrum of nonthermal emissions . When a larger fraction of electrons are injected into a loop with large pitch angles, the spectrum of microwaves, emitted by electrons trapped in the loop, are more likely to show the "Soft-Hard-Harder" evolution (e.g., Silva et al. 2000) . On the other hand, the spectrum of HXRs, emitted by precipitating electrons into the footpoint, frequently shows the "Soft-Hard-Soft" evolution (e.g., Grigis & Benz 2004) . Ning (2008) examined the temporal evolution of the microwave spectrum in the flare with NoRP. The microwave during 02:29-02:32 UT, which we focus on in this paper, shows the "Soft-Hard-Soft" spectral evolution, same as the HXR from RHESSI. This indicates that the microwave-emitting electrons are distributed in parallel rather than perpendicular to the magnetic field line. His result is consistent with our interpretation of the microwave image.
Based on the results and discussions, we conclude that the nonthermal electrons in the 2006 December 13 flare propagate preferably along the magnetic field line near the magnetic separatrix. It is expected from the photospheric horizontal magnetic field distribution that magnetic field lines change the direction very steeply at this separatrix. Subsequently the electrons are injected parallel to the field line. This conclusion suggests a scenario for an effective acceleration of electrons toward the parallel direction taking place near the separatrix.
Let us discuss a probable acceleration mechanism. From both the XRT images and the NLFF extrapolation of the coronal magnetic fields, we find the magnetic transition from a NLFF to potential-like state Inoue et al. 2009, in preparation) . Such a topological change of magnetic fields induces electric fields. When the magnetic field line has finite curvature, electrons move against the inductive electric field due to the curvature drift, and then the velocity of the curvature drift increases. Since the curvature drift velocity is proportional to the parallel kinetic energy, this mechanism accelerates particles parallel to the magnetic field line (e.g., Northrop 1963) . The rate of the acceleration due to the curvature drift is written as
where K is the parallel kinetic energy of a particle, R c is the curvature radius of the magnetic field line, E is the electric field strength, and c is the speed of light, respectively. The equation gives
where τ acc is the acceleration time, and subscripts i and f mean the initial and final states.
We consider that magnetic reconnection yields a topological change of magnetic fields, and then induces electric fields. Following the magnetic reconnection model in an ideal magnetohydrodynamic (MHD) regime, we estimate cE/B = v A ∼ 2000 km s −1 , the Alfvén velocity. Observationally, a typical time scale for the electron acceleration is 1 s (e.g., Kiplinger et al. 1983 Kiplinger et al. , 1984 ). Hence we obtain from equation (3) that the 2 keV electrons are accelerated to 100 keV (HXR energy range) with R c ∼ 500 km. Stronger curvature is required for accelerating particles to higher energy. We expect that a fine structure of the magnetic field line is realized particularly near the separatrix, at which the topological change of the magnetic fields from an open to close state takes place through magnetic reconnection.
It is thought that the curvature radius can become small as much as the width of the current sheet at the center of the reconnection system. In the two-dimensional magnetic reconnection model, the width d is approximated from the mass conservation of the incompres-
Here v in is the velocity of the magnetic reconnection inflow, M A is the reconnection rate, and L is the length of the current sheet. The reconnection rate in solar flares has been measured by many authors (e.g., Dere 1996; Isobe et al. 2002b; Lin et al. 2005; Isobe et al. 2005; Narukage & Shibata 2006; Nagashima & Yokoyama 2006) , giving M A ∼ 0.01. Evaluating the length L as a typical size of flares, L ∼ 10000 km, we obtain R c > ∼ d ∼ 100 km. This scale is sufficient to accelerate electrons due to the curvature drift, suggested before.
In addition, a slow-mode shock is expected to be attached near the separatrix (Petschek 1964) , which is observed in association with the magnetic reconnection events in the Earth magnetotail (Saito et al. 1995) as well as solar flares (Tsuneta 1996) . At the front of the shock where magnetic field lines have strong curvature, particles may be accelerated further (Shimada et al. 1997) .
A mechanism to trap particles in the acceleration site is needed for an efficient acceleration. This is problematic especially for the case of parallel acceleration of electrons because accelerated electrons are more likely to escape from the site. Linear Alfvén waves, which are expected to be everywhere in the corona, do not work on the electron trapping. Electrons could be trapped by the magnetic mirror force from large-amplitude Alfvén waves or by the resonance with high-frequency whistler waves, but the origin of these waves is unclear. This problem still remains open.
Hinode provides the unprecedentedly high quality data of the photospheric vector magnetogram. Using these data as initial and boundary conditions, a data-driven MHD simulation is performed to describe the evolution of the plasma and magnetic fields in the 2006 December 13 flare (Kusano et al. 2008) . These simulation data are of great importance also for the study of particle acceleration. A test-particle simulation in the fields obtained from the data-driven simulation is one of useful means to further understand the observations. Now we have a great opportunity to reveal the particle acceleration in solar flares theoretically and observationally. -Spatial distribution of the longitudinal electric current density, calculated from the horizontal magnetic fields taken by SOT/SP (left and middle panels of Fig. 3 ). The color scale is in units of ampere/m 2 . The RHESSI 35-100 keV image (same as in Fig. 2 ) is overlaid as black contours. Contour levels are 20, 50, and 80% of the peak intensity.
